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Abstract

Mass transport properties of physical vapor transport of PbTe are investigated. Thermochemical analysis of the

system and its implications for the growth conditions are discussed. The effect of the material preparation and pre-

processing on the stoichiometry and residual gas pressure and composition, and on related mass flux is shown. A

procedure leading to high mass transport rates is presented.

1. Introduction

Lead chalcogenide compounds and alloys are narrow-gap semiconductors with applications in devices like lasers

and detectors, particularly in the infrared spectral range [1 - 4]. The unique properties of lead salt diode lasers are:

wide wavelength operating range, high mobilities, good thermoelectric properties, tunability, narrow line width, and

high local and temporal resolution [5]. Other advantages of these materials are: good homogeneity, rather low

price, and easier manufacturing processes relative to HgTe-based materials. Bulk crystals of these materials are

used mostly as substrates for manufacturing different devices, primarily tunable diode lasers operable in the mid-

infrared region from 3 to 30 microns and room temperature IR detectors operating in the range 2 - 4.5 micrometer.

While the market of IR detectors has recently been dominated by HgTe-based materials, Pb-chalcogenides have still

important applications in devices like diode lasers for molecular spectroscopy and gas monitors [5], and may

become a key device material for IR integrated optics and telecommunication systems [6, 7]. Use of appropriate

ternary alloys enables tuning the bandgap to a desired wavelength and/or tailoring the lattice constant for matching

the substrate and the active epilayer lattice constant. For example, (Pb, Sn)Te is a widely used IV-VI ternary

material allowing for an adjustment of the spectral range of the device by an appropriate selection of SnTe content
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in the crystal [5]. Different IV-VI substrates can be used for low dimensional magnetic structures and applications

of semimagnetic semiconductors (e.g. EuTe-PbTe [8 - 10) and applications requiring good thermoelectric

properties of the material [11 - 14]. Easy tuneability by temperature/current and narrow line width make the

materials particularly useful in high-resolution spectroscopy and gas monitoring devices [2].

Best quality crystals of IV-VI compounds are being grown from the vapor phase by physical vapor transport (PVT).

A number of papers have been published on growth of these materials by this technique (i.e. [15 - 23]). However,

except for a few papers ([20] - PbTe, [21, 23] - PbSnTe) no more detailed analysis of the process has been

presented. In this paper we investigate, theoretically and experimentally, physical vapor transport of the most

widely used IV-VI material, PbTe.

The two key factors determining mass transport properties in PVT systems are the stoichiometry/congruency of the

vapor and the amount of inert gas in the system. We investigate in detail the effect of different procedures of the

source material preparation and processing on these two factors. Our experimental mass transport rates are

compared with those predicted theoretically.

2. Theoretical calculations

Lead telluride vaporizes according to the reactions

PbTe(c) = PbTe(g),

PbTe(c) = Pb(g) + 0.5Te2(g),

K1 = PPbTe, (1)

pO.5 (2)
K2 = PPb Te2 ,

K3 = PT2e/PTe 2 , (3)Te2(g) = 2 Te(g),

where 'c' and 'g' denote a condensed and gaseous phase, respectively. With sufficient deviation from stoichiometry

a second, Pb-rich or Te-rich liquid phase forms and the partial pressure of the related element is determined by

corresponding redactions

o (4)Pbpuv_(/) = Pb(g), PPb = apb PPb'

2 o (5)
2 T%bTe(/) = Tez(g), PT% = aTePTe2,

where Pbp_ve(/) and TepbT_(/) are PbTe-saturated Pb and Te liquid phases, respectively, P°'s are saturated vapor

pressures over pure phases, and a's are activities of the respective elements.

Assuming diffusion limited conditions, the overall mass transport in one-dimensional approximation can be

described by a set of Maxwell transport equations of the form [24]

- (1/RT)(dP/d/) = (J_ Pj - Jj P,) / Dij, i,j = PbTe, Pb, Te2, Te, Z. (6)

In these equations, J's are the mass fluxes (in mole cm -2 s_) and P's are the partial pressures of respective species,

Dij's are binary diffusion coefficients, T is the temperature, l is the coordinate along the diffusion path, Z is the inert



component(s)ofthevaporphase(seebelow),andRisthegasconstant.Uniformtotalpressure,Pt,throughoutthe

ampouleandnonettransportoftheinertgasyield

Pt=Ppbre(0)+Ppb(0)+ PTe2(0)+Pre(0)+Pz(0)=

PvbTe(L)+Ppb(L)+ PTe2(L) +PTe(L)+Pz(L)=constant, (7)

Jz=O. (8)

Fromthesetof equations(1 - 3) and,whenapplicable,eq.(4)or (5),theequilibriumpartialpressureswere
calculatedforstoichiometricand2-phase(solid+liquid)conditions.Themassfluxwascomputedfromeqs.6- 8,

theequilibriumconstants(eqs.1- 3),partialpressuresovertheliquidphase(eqs.4 or5,if applicable),andagiven

amountofinertgasinthesystem.

Theequilibriumpartialpressuresfor reactions(1 - 3)werecomputedfromthedependenceof theequilibrium
constantsK onthechangeoftheGibbsfunction,G=-RT InK,usingthermochemicaldatagiveninrefs.[25- 27].

Thepressuresoverpureliquidleadandtelluriumphasesweretakenfromrefs.[27,28]. In lieuof accurate
literaturedatanearthemeltingpoint(particularlyonthePb-richsideoftheP-Tphasediagram),theequilibrium

partialpressureswerecalculatedasfollows.ThepartialpressuresoverPbTe-saturatedPb/Tephasewerecalculated

fromeq.4/5.TheactivitiesofPbandTein theliquidphaseswereobtainedfrom

ai=Xi fi=Xiexp(-c_(1-Xi)/RT), i =Pb,Te (9)

whereXi isthemolefractionoftheatomicspecie(Pb/Te),fi is itsactivityintheliquidphase,anda is the exchange

energy factor [29]. The values of X_ and c_ were calculated based on the regular associated solution model [30]

using the procedure developed by Szapiro [31]. To calculate the Xi(T) and _x parameter, X-T diagram of Pb-Te

system given in ref. [32] was used.

The binary diffusion coefficients used in the mass transport calculations were computed from molecular constants

[33] using the procedures described in ref. [34].

3. Experimental procedures

The source material was synthetized from high purity (m6N) lead and tellurium elements. Stoichiometric amounts

of Pb and Te (total of up to 400g) were loaded into silica glass ampoules, evacuated, then sealed with 0.1 atm of

hydrogen. (The addition of hydrogen removes at least some of the oxide impurities and prevents etching/sticking of

the material to the ampoule wall.) The mixture was gradually heated up to 900 - 950°C for about 4 days. The

synthetized material was ground and sifted (mesh 80) before further use.

The mass transport experiments were performed in sealed silica glass ampoules of 10 mm inner diameter and 20 -

25 cm in length. The ampoules were cleaned and outgassed under high vacuum at 1000°C for 16 hours. Under

such conditions the amount of gas released from silica during the subsequent material processing is low relative to

that generated by the source and can be ignored [35]. About n = 0.05 mole of PbTe (such as to obtain the n/Vr ratio,

where V e is the free volume in the ampoule, of 3 mmole/cm 3) was loaded into the ampoule with or without (as



needed)a20- 30 mg of elemental Pb, and connected to high vacuum. In a few cases other amounts of the source

were used. After evacuating to 10 .5 Torr or better the ampoule was backfilled (when desired) with 0.5 atm of H 2 and

baked at 600°C for 20 min followed by a 20 min bakeout under dynamic vacuum, then cooled. Two series of

experiments were performed. In the first series, after the initial bakeout the ampoule was just sealed off. In the

second series, two consecutive residual gas generating annealings were done as follows. Initially, after the bakeout,

the ampoule was sealed with a plug furnished with a fine tip pointing toward the vacuum system. In some cases, the

initial baking was done when the ampoule was connected to the vacuum through a 4 cm long, 1 mm ID capillary,

and lasted for 2 hours at 800 or 850°C prior to sealing. The capillary allowed for a bakeout under dynamic vacuum

without an excessive loss of the source from the ampoule. The sealed ampoule was annealed at 850°C for 1 or 48

hours (annealing A1), then the amount of gas (P1) was measured by breaking the plug tip and releasing the residuals

to the measuring chamber. After the measurement the ampoule was evacuated and sealed again.

Prior to the mass flux runs, the source was sintered at 700°C under small reverse temperature gradient for 1 hour,

then equilibrating isothermally (without transport) for 1 h at the source temperature. For selected experiments of the

second series, the actual mass transport was preceeded by a 48 h annealing (A2) at the growth temperature. In one

case the source was melted (for 20 min) prior to run. The mass transport lasted for up to 35 hours in the first series,

and up to 5 h in the second, during which up to 20% of the source was transported. For the sake of internal

consistency, the same batch of the source material was used for all experiments of a given series. The amount (P2)

and composition of the gas formed in the ampoules was measured using the technique described earlier [35]. For

the sake of further analysis, the actually measured pressures were recalculated into the equivalent effective pressures

of carbon monoxide using the formula

Pz = Pco + P c02 (Dco-PbXecD CO2-Pbrc) + P H2 (Dco-PbrdD H 2 -PbTe)+ P H2O(Dco'PbTe/D H2 ° -PbTc), (10)

where D's are the binary diffusion coefficients of respective pairs.

4. Results and discussion

Mass transport and crystal growth in PVT systems is normally limited by diffusion which depends on the partial

pressures of the constituent and inert gas components of the vapor phase. Residual gases and non-congruent

composition of the vapor (excess constituent element(s)) present in the vapor phase form a diffusive resistance to

the mass flow and may seriously limit the practical usefulness of PVT techniques. Equilibrium partial pressures and

their effect on the growth conditions are discussed in section 4.1. The issue of residual gases in our system is

discussed in sections 4.2 and 4.3.

4.1 Equilibrium partial pressures

The results of our equilibrium partial pressures calculations are shown in Fig. 1. As can be seen, dissociation of

PbTe (eq. 2) is very small (less than 1% below about 870°C), so gaseous mass transport of lead telluride occurs

essentially by PbTe molecules. In general, volatility of some excess constituent elements (Pb and Te) may

contribute to mass transport conditions in the system. Volatility of Pb over pure Pb(1) phase is relatively low, and



evenlowerin the presence of PbTe, being at least 1 order of magnitude below that of PbTe (in the temperature

range of our interest, i.e. > 750°C). Moreover, a significant accumulation of excess Pb (by the 'sweeping' effect of

the transporting constituent species, [36]) at the crystal-vapor interface and corresponding reduction in the mass

transport rate will be limited by precipitation of Pb(1) phase. As a result, the effect of Pb(1) on mass transport

conditions is low and may be significant only at low residual gas pressures (less than about 0.5 Tort, c.f. Fig. 4).

The volatility of tellurium is much higher, and its pressure may exceed that of PbTe by one order of magnitude or

more (Fig. 1). Therefore, a large amount of excess tellurium can remain in the vapor phase and significantly reduce

the growth rate. Such excess of tellurium can be prevented by adding to the source a sufficient amount of

elemental Pb which would serve as a tellurium getter without contributing a noticeable amount of extra Pb atoms to

the vapor (what has already been recognized earlier [16]). Above about 860°C the gettering effect becomes limited

due to the Pb-saturation line crossing the Pb-rich, Te2(min) homogeneity range of PbTe; above this point even

originally stoichiometric source will decompose to produce the minimum partial pressure of tellurium and

corresponding amount of PbTe-saturated liquid Pb phase. Above about 830 - 860°C the effect of excess Pb or Te 2

species accumulated in the deposition zone becomes more and more pronounced and leads to a reduction in mass

transport rate in the system (c.f. Fig. 4).

A presence of liquid Pb in the source may lead to precipitation of lead in the crystallization zone. That happens

when the transport rate of lead to the cold zone exceeds that of tellurium and of the solubility limit of Pb in PbTe

(about 10 .4 at 800°C [32]. Fig. 2 shows the relative rate of Pb precipitation as a function of the source temperature

for two values of undercooling and three levels of residual gas pressure in the system. The onset of Pb precipitation

for low undercooling (10°C) occurs about 808°C, and goes up with increasing undercooling to 826°C at AT = 50°C.

The rate of precipitation incrases with increasing the amount of residual gas in the system, and may exceed 1% at

lower temperatures and higher Pz levels.

4.2 The effect of the source grain size, annealing in hydrogen, and presence of Pb(l)

The results of our first series of experiments in terms of the amount and composition of residual gas and mass flux

are given in Table la. For the sake of clarity, only the major components of the residual gas are shown. As can be

seen, baking the source without hydrogen has apparently a limited effect on removal of oxygen (oxides) from the

source, and the residual gas formed after such treatment is dominated by carbon dioxide (exp. 1, 2, 11, 13).

Exposing the source to air for one week apparently increases the amount of oxygen and corresponding CO2 content,

particularly when finely ground source is used and no baking in hydrogen is applied (exp. 13). Signs of etching of

silica (reaction with PbO) are usually observed in ampoules prepared without H2. Baking in hydrogen reduces the

amount of oxygen, but the total pressure remains often similar to those found in related ampoules baked without

hydrogen, with a portion of the gas being H 2 (exps. 12, 14, 21 ).

When coarse source material is used, a moderate (about 0.5 Torr) amount of residual gas forms under our

experimental conditions (exps. 1 - 3). However, the mass flux in ampoule #1 is two orders of magnitude less than

those in the other two experiments (2 and 3). Apparently, the low mass flux in exp. 1 was caused by a presence, in



theoriginalsourcematerial,ofexcessTewhichwasnotremovedduringthematerialpre-treatmentdue,primarily,

tothelargesizeof thegrains.Whensimilarprocessingconditionsbutfinelygroundsourcewasused,themassflux

washigherby overoneorderof magnitudeevenwithoutadditionof excessPbanddespitethreetimeshigher

residualgaspressureintheampoule(exp.11).A build-upofexcessivepressureofTewaspreventedinexps.2and

3 bythepresenceof liquidPbin thesystem,thusthemassfluxin theseexperimentswasconsiderablyincreased
relativetothatinexp.1.

Usingfinelygroundsourcefacilitatesremovalof excessTe,butgenerateslargeramountsof residualgas(and

correspondinglylowermassflux)thancoarsematerials,wherepartof theimpuritiesremaintrappedinsidegrains

(compareexps.2,3,11,and12).Highertemperatureofthesourcepre-treatmentreducestheamountofresidualgas

andincreasesthemasstransportrate(exp.21and22). Exposingthesourcematerialto oxygen(air)in room

temperatureleadstosurfaceoxidation.It isparticularlyrelevantincaseofpowderedmaterialsandmayleadtoan
increaseinresidualgaspressureparticularlyif annealinginhydrogenisnotapplied(exp.13).

4.3 Intermediate removal of residual gas

The results of the second series of our material preparation experiments are shown in Table lb. In the reference

experiment, R, after our regular ampoule preparation procedure only one annealing without residual gas removal

was performed. That resulted in a moderate growth rate occurring under relatively large amount of residual gas

(mostly CO) conditions. In the remaining experiments two consecutive annealings and residual gas measurements

were made. As follows from Table lb, after the initial annealing (A1) the amount of gas generated in the ampoule

is typically about 0.5 Torr (at RT). Extended (A1 = 48h, exp. d) annealing prior to the gas removal has a relatively

small effect on the initial amount of residuals (P1), but a much stronger effect on lowering the ffmal pressure (P2)

and corresponding increase in mass flux. That suggests, that after the long A1 annealing considerably larger

amount of CO was generated/released from the source than after 1 h annealings. It reduced the final amount of gas

and increased the mass transport rate (compare exps. c and d). Without annealing prior to the growth process (A2)

the generation of residual gases is apparently reduced and their effective amount present during the growth process

is lower resulting in higher growth rate (compare exps. a and c).

Purification of the source by annealing under semi-closed conditions is an effective way of reducing the amount of

residual gases in the system. Such purification performed at 800°C (exp. e) reduced the amount of gas generated

during the subsequent (A 1) ampoule annealing by a factor of 5. However, apparently too low purification and

annealing temperature led to a relatively large portion of the impurities remaining in the source, resulting in a

substantial amount of residual gas formed during the second part of the process and in lower growth rate relative to

some other experiments. Purification of the source at 850°C with a long subsequent annealing led to a very low

amount of gas and very high mass transport rate even without excess Pb in the source (exp. f). Purification of the

source under semi-closed conditions has the additional advantage of adjusting the composition of the source

(removal of excess elements) occurring under most desired, nearly equilibrium conditions.



Meltingofthesourcepriortogrowthapparentlygeneratedanadditionalamountof gas(exp.m). Also,theamount

ofelementaltelluriuminthevaporoverthesourceapparentlyincreased(asindicatedbytheobservedchangeinthe

colorofthevapor)and,combinedwiththehigherresidualgaspressure,ledtoamuchlowergrowthratethaninthe

otherexperimentsof theseries.Obviously,meltingof thesourceleadsto a noticeabledecompositionof lead

telluride(Fig.1)whichdoesnotrevertcompletelytotheinitialstoichiometricconditionsuponsolidificationdueto
lowdiffusivitiesandlongdiffusiondistancesinthesolidifiedbulkmaterial.

4.4 The effect of the source amount, temperature, and growth time

Theoretically calculated and experimentally obtained dependence of mass flux on residual gas pressure in the

system is shown in Fig. 3. As might be expected, the amounts of the gas formed in the ampoules and the related

mass fluxes are strongly dependent on the amount (visualized by the size of the open circles in Fig. 3) of the source

in the ampoule. The lowest pressure and highest flux was obtained for the experiment with n/Vfratio of 0.6 mmole

per cm 3, and the opposite was found for the one with n/Vf of I 1 mmole/cm 3. Intermediate values were found for the

standard conditions of 3 mmole/cm 3 (Fig. 3). Steady-state mass transport is established quite fast, as indicated by

the results obtained for similiarly prepared experiments but conducted for 1 and 24 hours (open triangles and open

circle, respectively). Some effect of the processing time on the residual gas pressure was observed when the

procedure discussed in section 4.3 was applied and the amount of residual impurities was reduced. Under our

experimental conditions, the results obtained with apparently stoichiometric material are close to those obtained

with initial addition of lead to the source (solid triangles). Since our basic experiments were prepared without

intentional addition of a constituent element, the good agreement between the experimental and predicted results

indicates that our experimental procedure leads to close to stoichiometric composition of the source.

For comparison, extreme exprimental results of our mass transport experiments are shown in Fig. 3 too. In the

experiment represented by the open square, the source was pre-purified under poor vacuum conditions (about 1

mTorr). The resulting contamination (due to source oxidation) was apparently not removed during our standard

material pre-processing conditions (c.f. section 3) and high residual gas pressure (CO2 and H20 ) and very low mass

flux resulted. On the other extreme, using our most effective procedure (c.f. section 4.3), very low residual gas

pressure and very high mass transport rate (2 orders of magnitude higher than those obtained using our standard

ampoule preparation procedure) was achieved (solid square in Fig. 3).

Fig. 4 shows the experimental and theoretical results on the dependence of mass flux on the source temperature in

the presence of a liquid Pb phase. Our experimental results (full circles) are, on average, about 2 times lower than

those predicted theoretically for the same amount of residual gas as those found in thye experimental ampoules

(about 1.5 Torr of "CO"), which is within the combined uncertainty of the thermochemical data used in the

theoretical calculations and of the experimental measurements. At the highest temperature (900°C), the

experimental results are higher than expected. As discussed in section 4.1, at T(source) > 830 - 860°C the diffusive

mass transport rate may be expected to deviate from that predicted for congruent mass transport conditions (dashed

line in Fig. 4) due to the presence of Pb(1) phase and decomposition of PbTe at higher temperatures. Deviation from



congruentmasstransportconditionsisalsocausedbydissociationofPbTecombinedwithunmatcheddiffusivities

oftheresultingPb,Te,andTe2species.Apparently,thePb-richhomogeneityrangeisatahighertemperaturerange

thanthatcalculatedin thisworkfromtheavailableliteraturedata.Thisdiscrepancyisnotsurprising,giventhefact

thatthereisaconsiderablescatterofexperimentaldataontheliquidusofPbTe,particularlyonthePb-richside,and

thecommonlyassumedX-Tdiagramof thesystemisarelativelyarbitrarychoiceparticularlyin the range close to

the melting point (which is the region relevant for our analysis).

5. Summary and conclusions

A good control of mass transport and crystal growth conditions in PVT of lead telluride requires an appropriate

adjustment of the stoichiometry of the vapor and of the amount of residual gas in the system. Mass transport rate

may be significantly reduced by a presence of excess tellurium, but relatively little by excess of Pb in the source. At

source temperatures near the melting point the transport may be reduced even if stoichiometric source is used.

Baking the source under vacuum allows for a good adjustment of the source stoichiometry if finely ground material

is used. Alternatively, a build up of excess tellurium pressure can be prevented by (small) addition of Pb to the

source. Such technique may also lead to a better reproducibility of mass transport conditions in the system. It may,

however, lead to a formation of liquid Pb in the deposition zone and to a presence of Pb-inclusions in the crystals

grown at lower temperatures.

The pressure of residual gas generated in the system depends strongly on the ratio of the amount of the source to the

free volume in the ampoule. With our standard n/Vf ratio of 3 mmole/cm 3 and a simple, 15 - 20 rain bake-out of the

finely powdered source under vacuum, the pressure of residual gas formed is typically in the range 1 - 3 Torr. The

amount of the gas can be substantially reduced using our special procedure of intermediate annealing and gas

removal, particularly when combined with an extended bake-out under semi-closed conditions. With a proper

material preparation procedure, reasonable (and even high) crystal growth rates can be achieved even at relatively

low temperatures, small undercoolings, and long diffusion paths between the source and the crystal.

The results of our more extended studies on generation of residual gas from different source materials will be

presented in a separate publication [37].
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Figures

Fig. 1 Partial pressures in PbTe system as a function of temperature.

Fig. 2 Theoretically calculated deposition rate of elemental Pb during physial vapor transport of lead telluride as a

function of the source temperature.

Fig. 3 Theoretical (solid line) and experimental results on the dependence of mass flux on the pressure of residual

gas (carbon monoxide) in the system. Open triangles, lh mass transport; full triangles, source with excess Pb;

open square, heavily oxidized source; full square, experiment f, Table 2b.

Fig. 4 Theoretical and experimental results on the dependence of mass flux on the source temperature. Residual

gas pressure for the experimental points (full circles) corresponds to 1.5 Torr of carbon monoxide. Theoretical

curves: solid line, Pb(1) phase in the source region; dashed line, hypothetical congruent transport of all constituent

species.
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Table la.

Run #

1

2

3

11

12

13

14

21 o)

22 _3)

Mass flux and residual gas formed in mass transport ampoules. T(source) = 800 °C, AT =

10°C, L = 20 cm.

Grain size H 2annealing Pb(/) Flux10 s P P* Composition [%]

[mm] [mole/cm 2s] [mTorr at RT] H 2 CO CO,

1 - 3 0.14 82 120 10 80

1 - 3 _ yes 10.3 97 135 90

1 - 3 yes yes 13.2 165 150 22 62 16

< 0.1 2.6 270 380 75 _2)

< 0.1 yes 3.8 420 430 13 62 22

<0.1 _) 1.2 900 1360 >96

< 0.1 o) yes 2.4 810 730 33 26 35

< 0.1 yes yes 9.1 470 380 18 74 7

< 0.1 yes Yes _4) 28 180 150 20 72 28

(1)

(2)

(3)

(4)

oxidized in air for 1 week

+ 25% H_O

T(source) = 850 °C

annealing and baking at 700°C
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Table 2b.

Run# Pb(/)

R yes

a yes

b

c yes

d yes

e

f

m yes

Capil. A1 P1

[h] [mTorr at RT]

1 500

1 490

1 510

48 590

yes (t) 1 100

yes 48 480

I 780

(1)

(2)

baking and annealing at 800°C

melting 1000°C/20 rnin

A2

yes

yes

yes

yes

yes

(2)

P2 P*

[mTo= at RT]

270 294

36 25

27 16

66 47

21 11

108 30

20 4

180 121

Fluxt08 Gas composition [%]

[mole/cm 2 s] H: CO

15 80

83 45

75

47

95

50

185

19

12

40

50 35

35 55

58 35

89 11

98

41 55


